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Abstract

This paper describes the technical principles and representation behind the constraint-based, automated configurator
COCOS. Traditionally, representation methods for technical configuration have focused either on reasoning about struc-
ture of systems or quantity of components, which is not satisfactory in many target areas that need both. Starting from
general requirements on configuration systems, we have developed an extension of the standard CSP model. The
constraint-based approach allows a simple system architecture, and a declarative description of the different types of
configuration knowledge. Knowledge bases are described in terms of a component-centered knowledge base written in
an object-oriented representation language with semantics directly based on the underlying constraint model. The ap-
proach combines a simple, declarative representation with the ability to configure large-scale systems and is in use for
actual production applications.
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1. INTRODUCTION

Over the years, configuration systems for technical do-
mains have been among the most industrial applications of
artificial intelligence technology, dating back to the R10
XCON system~McDermott, 1982!, and many other sys-
tems described in the literature~e.g., Bowen, 1985; Searls
& Norton, 1990; Yokoyama, 1990!. Reasons for this suc-
cess story include the availability of well-structured, lim-
ited domains, where in addition at least part of the knowledge
is available in written, coherent form~i.e., technical docu-
mentation!, and fairly clear specifications for checking va-
lidity and evaluating quality of solutions exist.

Many of the early knowledge-based configurators, how-
ever, were exclusively rule-based, closely coupling domain
and strategic knowledge, leading to problems with the de-
sign and maintenance of large knowledge bases~Barker &
O’Connor, 1989!. This, in addition to the desire to better
describe the fundamental properties of the configuration do-

main ~or, as it is sometimes called, configuration design!,
led to a variety of approaches that improved on the original
approach.

Two central steps in this process were the proposal of a
more rigorous model for the representation of configura-
tion knowledge by Mittal and Frayman~1989!, expressed
in terms of components and ports, with reasoning starting
out from certain so-calledkey componentsand consisting
of the incremental addition of required auxiliary compo-
nents and any new connections~ports! associated with them.
They chose to encode this situation as a constraint satisfac-
tion problem~CSP! ~Frayman & Mittal, 1987!. A CSP is
defined by a set of variablesV, where each variablev [ V
has an associated domaindom~v! that designates all values
this variable can possibly assume. Constraints are relations
defined on sets of variables that specify whatcombinations
of values may be assigned. Formulating configuration and
design requirements as constraints is a quite natural choice,
thus it is not surprising that other projects have taken this
approach~Frayman & Mittal, 1987; Steinberg et al., 1989;
Cunis et al., 1989; Birmingham et al., 1989!.

The intent behind the research and system described in
this paper was to design a tool for technical configuration,
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based on a limited set of core concepts, with a declarative
form of representation, but the ability to configure large and
very large systems. Starting from the classical CSP config-
uration point of view, a formalism was developed that could
handle differing quantities of components while maintain-
ing adequacy in structural descriptions. In Section 2, we give
a description of an example application domain and char-
acterize the dimensions along which knowledge for config-
uration purposes can be classified. In Section 3, we then
introduce the constraint-based representation language
LCON used in the COCOS project, and the underlying GCSP
~Generative CSP! formalism in Section 4. In the final sec-
tions of the paper, we discuss the COCOS system architec-
ture and the experience gained from actual industrial use of
the tool.

2. REPRESENTING CONFIGURATION
KNOWLEDGE

Configuration is generally considered a subset of the field
of design. Whereas design concerns itself with the concep-
tion or construction of new artifacts in the most general sense,
configuration is usually taken to deal with the composition
of artifacts from a limited set of smaller components. While
architectural examples are sometimes described~configur-
ing the floor spaces of an office building depending on the
offices, passages, lifts and stairs and maintenance spaces
required!, most configuration research deals with technical
systems. The XCON system, the classic case of a configu-
ration system, configured computer systems, the VT sys-
tem~Marcus et al., 1988!, which has reached a certain fame
in the knowledge acquisition community~Schreiber & Bir-
mingham, 1996!, produced elevator designs, and other sys-
tems which configure computers and telecommunications
equipment.

As defined in Brown and Chandrasekaran~1989!, design
is an activity that produces an artifact from a set of primi-
tive components given a repertoire of possible primitive re-
lations between the components, noting that in general in
realistic domains the set of primitive objects will be quite
large and not explicit, at least initially. The main restriction
which unites the examples of configuration tasks in the pre-
vious paragraph is that their set of primitive objects is gen-
erally explicit:

• For the floor space assignment problem, the objects
could be the different types of rooms~office, lift, stair-
well, toilets, maintenance spaces, air ducts, etc.!.

• For the XCON system, they are computer housings, dif-
ferent kinds of circuit boards from CPU boards to con-
trollers, power supply units, tape or disk drives, etc.

• For the VT system, they included the elevator cabin,
motors, cables, and structural members.

• For telecommunications equipment, they include dif-
ferent kinds of functional components~communica-
tions equipment, power supply, interface boards!, larger

components for housing them, cables and plugs, and
others.

The set of relations is likewise restricted.

• For an architectural example, there would physical ad-
jacency, the need for multiple rooms not to intersect on
the same spot, and the existence of doors or passages.

• For the VT system, there were fixed connections for
bearing the weight of the cabin and applying force to
the cable for lifting the cabin~in fact, these were so
fixed that they were not all made explicit in the sys-
tem’s representation!.

• For computers and other electronic equipment, there
would be physical connections~power and data cables
with plugs, bus slots, . . .!, and functional requirements
~e.g., performance figures, memory requirements, num-
ber of terminal or network connections for a computer!.

As a running example in this paper from here on, we use
a telephone exchange, the digital telephone switching sys-
tem EWSD produced by Siemens, as it exhibits most of the
properties which were and are driving our research.

2.1. An example system

Acomplete EWSD system belongs to the most complex elec-
tronic systems being commercially produced today. Basi-
cally, its purpose is to take calls incoming in any of the
thousands of lines connected to such a system and route them
appropriately to another, outgoing line. The physical struc-
ture of the core of the system, the so-called Switching Net-
work ~SN!, consists of a three-tier parts hierarchy. At the
top level, the system consists of a number of racks, which
in turn contain so-called frames. Frames contain the basic
components of the system, which are called modules. De-
pending on its type, a frame may contain up to 32 modules,
and a complete system with multiple racks may contain thou-
sands of modules overall. The number of modules~and thus
indirectly the number of frames, and racks! is determined
by the performance characteristics specified by the cus-
tomer. These may include the number of lines to be handled
by the system, and also switching time, costs, etc. Figure 1
shows the overall structure.

Superimposed on the physical aggregate hierarchy is a
functional hierarchy. Frames are logically grouped into
switching units, but the frames of a specific switching unit
need not be physically adjacent, nor is a switching unit re-
stricted to a single rack. On the other hand, a rack may con-
tain the frames of several switching units. An example of
such functional units is shown in Figure 2 where two switch-
ing units, SU-1 and SU-2, are spread over three racks.

The goal is to compose a system that fulfills certain func-
tional requirements. This can be achieved by creating an
adequate set of switching units that are composed from ba-
sic switching modules and appropriate support modules, for

308 M. Stumptner, G.E. Friedrich, and A. Haselböck

https://doi.org/10.1017/S0890060498124046 Published online by Cambridge University Press

https://doi.org/10.1017/S0890060498124046


example, for power supply and testing. Constraints restrict
the ways in which different components may be connected.
Typical examples are:

• The frames in a given switching unit must contain ei-
ther analog or digital modules only.

• The first slot of every frame is reserved for power-
supply modules.

• The amount of electrical power consumed by all power-
consuming modules in a frame has to be less or equal
to the power output of the corresponding power-supply
module.

Similar examples will be used for illustration in later sec-
tions of this paper.

2.2. Component-based configuration

The notion that is central to the configuration of technical
systems is that of thecomponent. The original notion of a
component is that of a physical artifact. Components have
properties whose values may be subject to variation~we will
call themattributes), and components can be connected to
other components. The different types of connections then
take the role of the relations in the previous section. If the
complete system satisfies the original requirements, then the
solution to the configuration problem is described by the
set of components, the description of their attributes~nu-
merical or discrete values!, and the way in which they are
connected.

The configuration processthen consists of the selection
of an appropriate set of components from what is often called
a catalogdescribing the domain, selecting their types, set-
ting attributes, and choosing how to connect them.

It was decided at the outset to adopt a constraint-based
representation for the COCOS system, for several reasons.
Constraints are a natural way to express all kinds of com-
patibility knowledge, but there are additional advantages.

1. Constraints allow clear separation of problem and stra-
tegic knowledge, since strategies can be expressed de-
claratively, in terms of variable and value orderings
~e.g., fill a frame starting with the leftmost slot! with-
out changes to the constraints themselves.

2. A constraint-based representation can be used for ei-
ther synthesis or verification: Given a finished config-
uration in terms of the constraint network that represents
it, it is possible to check all constraints for inconsis-
tency and thus test the validity of the configuration.

3. The simplicity and declarative nature of the basic con-
straint model allows the definition of clear semantics.

For configuration problems, constraint satisfaction~CS!
techniques were embraced in a number of prototype sys-
tems~Mittal & Araya, 1986; Cunis et al., 1989! and form
the foundation of the configuration approach described in
Mittal and Frayman~1989!, which focuses on the assembly
of systems by connecting components.

Example ~from Mittal & Frayman, 1989!. Assume a com-
puter system has to be configured to meet an order specifi-
cation of a customer. One of the required features is a printing
function. Thekey componentimplementing such a printing
function is a printer. After the selection of an appropriate
printer type, additional components like interface cable or
driver software must be chosen appropriately. This example
demonstrates both function-component relationships and the
idea of key components which, if chosen for configuration,
result in the selection of a set of subordinate components.n

However, the traditional constraint approach is limited
in expressiveness and does not provide hooks for repre-
senting important features of configuration problems,
namely, the organization in terms of components and the
dynamicity of the problem, that is, the fact that the num-
ber of components may not be predetermined. In contrast
to rule-based systems, where new components are explic-
itly introduced into working memory by actions specified
in rule RHSs, the traditional constraint approach, while
cleaner and more declarative, is effectively static. Mittal
and Falkenhainer~1990! proposeddynamic CSPs~DCSPs!
to avoid the latter problem, pointing out improved clarity
and optimization possibilities.

Example ~from Mittal & Falkenhainer, 1990!. The vari-
able packagewith the domain$luxury, deluxe, standard%
denotes the three offered car models in a car configuration

Fig. 1. Physical structure.

Fig. 2. Functional structure.
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domain. Theluxury package provides anair_conditioner.
In the notion of DCSP, this can be specified by the follow-
ing constraint:

package5luxury
RV

&& air_conditioner.

This constraint establishes the activation~i.e., inclusion of
the corresponding component! of theair_conditionervari-
able in certain situations~if the packageis luxury). In ad-
dition, compatibility constraints restrict the configuration
space. The following example states that, if both anair_
conditionerof type ac1 and an automatic sunroof opener
are chosen, a battery of capacitymediummust be included
in the configuration:

air_conditioner5ac1 & opener5autor battery5medium. n

However, the DCSP approach still suffers from strong lim-
itations, since the component structure demanded in Mittal
and Frayman~1989! remains unclear, while multiple occur-
rences of components with equal behavior are not sup-
ported at all. For example, in describing a twelve-cylinder
engine, every constraint on cylinder behavior would have
to be written down twelve times. Bowen and Bahler~1991!
use a language based on the semantics of free logic to ad-
dress this problem.

A different trend led to the development of strongly
dynamics-oriented representation schemes for configura-
tion. These were based on the realization that a central ac-
tivity during configuration is the accumulation of entities
that together provide for some needed functionality. The
main assumption of the so-calledresourceparadigm is that
functionality-based selection from a component library
should be the central operation in a configuration system
~Heinrich & Jüngst, 1991!.

Example. Consider another example from a computer
configuration domain. The customer requests a PC with 64
MB RAM. The company has memory units of 16 MB ca-
pacity a piece in stock. A motherboard is initially equipped
with 16 MB, but it has vacant slots for up to 256 MB.
Thus, after the selection of the motherboard alone the
working-memory resource shows a deficit. In the resource-
based approach, configuration is fundamentally consid-
ered a task of resource balancing. In our example, the
selection of an appropriate set of additional memory units
will lead eventually to a compensation of the customer’s
memory requirements by the total amount of RAM pro-
vided on the motherboard. n

The way in which these mechanisms interact with the
constraint-based and connection-oriented view of configu-
ration is handled in different ways by different systems.
For example, Heinrich and Jüngst~1991! use rules and con-
straints for various parts of the knowledge base, integrated
by a global blackboard and agenda. Our aim is to provide
a formalism that expresses resource relationships clearly

in CSP terms, while still providing a component-oriented
view and the possibility of dealing with systems contain-
ing a multitude of similar, but perhaps differently, con-
nected components.

The above discussion of configuration process implies a
number of criteria by which suitable representations can be
classified. Starting out from the CSP model, we will now
explore these dimensions.

2.3. Strategy

Strategic knowledge concerns itself with the ordering in
which components should be created, connections closed,
and values chosen for properties. Its aim is to provide effi-
cient reasoning and good-quality solutions. It is therefore
usually heuristic in nature.

Heuristics can either be used to locally prefer one action
over another, for example, during depth-first search, or by
using a heuristic function to estimate solution quality, and
then continue the search starting from the overall best-
valued partial configuration.

Due to the huge search space, it was decided to avoid
global optimizations and experiment with them later, if nec-
essary. Local ordering heuristics and domain-independent
constraint heuristics are used. It should be noted that this is
a commonly acknowledged restriction. We do not know of
any configurator in the literature that provides global opti-
mization capability as well as the ability to tackle problems
of comparable size.

2.4. Functionality

Functionality specifies why a certain type of component can
be chosen for a solution. Basically, three kinds of function-
ality can be differentiated:abstract functionality, that is, the
selected component needs to possess a certain named prop-
erty at all~such as a printer’s ability to print!; value-oriented
functionality, that is, the selected component needs to pro-
vide a certain value range for a given component attribute
~e.g., power output!; and finally,structural functionality, that
is, the ability to establish a connection with another com-
ponentvia a so-calledport. Note that this need not be a phys-
ical feature—for instance, need for a sort routine in a
program would constitute a port on which to connect a suit-
able library during linking. One of the aspects which dis-
tinguishes configuration problems from design problems in
general is that explicit function representations are not nec-
essarily needed since most components in the catalog will
already have been designed with a particular function in
mind.

In the COCOS system, both attributes and ports are rep-
resented as CSP variables.

2.5. Quantity

This criterion represents the issue of how many compo-
nents are needed, or, on a component-by-component basis,
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for what reason a new one must be introduced into the so-
lution. Basically, the number could be fixed beforehand, it
could be restricted by some upper limit, or it could be un-
known before the final check. Traditionally, most configu-
ration approaches represent the first kind of situation, where
each component needed is known from the outset, just the
exact type and parameter values are not. This is the view
that lends itself most readily to an implementation as a CSP:
For each component, there is one variable, and selecting the
correct value for the variable means selecting the correct
type of component. This approach, however, cannot deal with
component quantities that are not predetermined.

Instead, component quantities can be made variable in two
ways. The first is simply to record the number of compo-
nents that occur for each type. If a quantitative relationship
between different types can be established, solving the nu-
merical equations and in equations posed by these relation-
ships will result in a solution. For example, divide the number
of modules by 32 to arrive at the number of frames, and choose
enough frames to accommodate all modules. This is similar
to the concept of a resource mentioned in Section 2.2.

However, since components~such as the modules and
frames of the EWSD example! have individual properties
~attributes or connections!, each component needs to be rep-
resented as a separate object, and the appropriate param-
eters and ports must exist for each component separately.
The conclusion is that if the quantity of components is not
known beforehand, the creation of a component of a certain
type will result in the creation of the appropriate set of
attribute and port variables. The mechanisms used for this
will be discussed in Sections 3 and 4.

2.6. Types and abstraction

Individual existence of components implies the presence of
type entities independent of the existence of any particular
component. If explicit types exist, one can try to group them
into an inheritance hierarchy. Abstracting common features
of two typesA andB out into a common supertypeCmeans
that these features are now described without redundancy.
On the individual component level, type abstractions also
allow efficient reasoning. If at a given point in time it is not
clear whether typeA or B will be advantageous for a certain
component, then the common properties and constraints rep-
resented byCcan already be used to prune the search space,
without precluding any choice~Mittal & Frayman, 1987!.

While other configurators have used complex termino-
logical reasoning mechanisms successfully~Wright et al.,
1993!, in COCOS, the decision was made to focus on
instance-level reasoning and to use the simplest case for in-
heritance: have inheritance relationships specified by the
knowledge base designer, disallow multiple inheritance, and
define inheritance in a monotonic manner. That is, the
attributes, ports, and constraints of the subtype are syntac-
tically a superset of those of the supertype. This decision
was taken since configuration domains typically encom-

pass a fixed set of types, where technical documentation will
usually support a taxonomic structure~if it does not already
provide a ready-made one!. Any component in a finished
configuration must possess a specific type from that set.
Therefore the situation~as it appears in classification sys-
tems! of generating a new “intermediate” class that exactly
fits the available requirements for a given component will
not occur. Monotonicity was decided upon since nonmono-
tonic inheritance mechanisms are computationally and con-
ceptually complex, and the effectiveness and simplicity
advantage gained from abstraction would be partially lost.

We will return to the computational aspects of the inher-
itance mechanism in Section 5.4.

2.7. Structure

This criterion deals with the kind of connections that can
be generated. For example, can the graph of connections
have arbitrary structure? Is it possible to distinguish be-
tween mandatory and optional connections~i.e., can a cer-
tain slot remain empty!? Can part-of hierarchies be
represented? If yes, is this hierarchy fixed? All questions
except the last can be answered “yes” for LCON. Note
that Figure 2 shows two separate, but intermingled part-of
hierarchies; one based on physical containment, and one
on functional decomposition. Defining a single fixed part-of
hierarchy would not be adequate in this situation. We will
return to this issue in Section 5.3.

2.8. Compatibility

Compatibility knowledge expresses the validity of connec-
tions between certain components and the legality of attribute
value combinations. This is the kind of knowledge that is
represented in COCOS through constraints on port and
attribute assignments.

3. EXPRESSING CONFIGURATION
KNOWLEDGE IN LCON

LCON is the constraint language developed for the repre-
sentation of configuration problems in the COCOS system.
The basic concepts of LCON are similar to those of most
ordinary, object-oriented KR systems, since the analogy be-
tween components~with identity, type, and descriptive prop-
erties! and objects is a very close one~Yokoyama, 1990!.
The main novel aspects of LCON lie in the fact that its se-
mantics, despite being constraint-based and dealing with in-
dividual ports, are based on the generative constraint
satisfaction~GCSP! formalism which allows reasoning about
component existence. The GCSP semantics will be de-
scribed in the next section.

The syntax of LCON was defined so the constraints could
be written in a manner close to standard logical syntax.
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3.1. Component descriptions

A component type definition lists the ports and attributes of
the component type. The following definition describes a
frame ~taken from the domain described in Section 2.1!,
which has the attributescosts , name, andversions ,
and the portsmountedOn andslot1 up to slot32 ~as
in Prolog, LCON constants have a lowercase first letter, and
variables have an uppercase first letter!. The set of ports is
always extensionally specified, and finite. The termframe
F signifies that the definition holds for all componentsF of
type frame .

frame F DESCRIPTION:
F.costs : = 1234.5;
F.name : = ’F:DLU(A)’;
F.softwareVersions : = {1.0, 2.0, 3.2};
F.PORTS : = {mountedOn[rack],

slot1[powerSupply], slot2[module],
. . . , slot32[module]};;

Port slot1 may be connected to components of type
powerSupply , and the other slots may be connected to
components of typemodule . Note that in no case does
a port specify a connection to a specific component
instance.

3.2. Inheritance

The component types in LCON are arranged in an inheri-
tance hierarchy, by specifying ISA relationships between
them:

subType ISA superType

As noted in Section 2.6, inheritance is monotonic, and
multiple inheritance is disallowed. The root of the inheri-
tance hierarchy is the typecomponent . The leaves of the
tree are the concrete component types available in the do-
main.A finished configuration will always contain only com-
ponents which possess one of the leaf types.

3.3. Constraints

An LCON constraint is a statement that restricts the values
of attributes and ports, either absolutely or in terms of their
relationships to other attributes and ports~the latter may be-
long to other components!. Constraints allow the formula-
tion of complex design requirements, and the structure of
the components describes the scope of constraints.

A constraint consists of a number of predicates combined
by logical connectives~&, ∨, -., NOT!. Predicates for
attributes and ports include equality and inequality. Ports
can also check whether and to what component they are con-
nected. The predicateis_type can be used to check
whether a component possesses a particular type. Con-
straints are always specified in the context of a particular
component type, which means only port functions and port

sets of that particular component type may be used in their
definition. Attributes and ports may be compared across
types. Constraints can also be named and invoked as user-
defined predicates in any constraint defined for the same
type or a subtype.

3.3.1. Connections

Apart from the equality0inequality operators, the most
important predefined predicate in LCON isCONN, which
is used to specify connections. A literal of the form
CONN(C1,P1,C2,P2) is true if the port of component
C1 specified byP1 is connected to the portP2 of the
componentC2. For example, the expressionCONN
(F,slot15,M,mountedOn) requires that the port
slot15 of componentF be connected to portmounted-
On of componentM. In this case,P1 ~i.e., slot15 !
is a constant representing a port name. It could also be a
port function~an extensionally defined function that maps
a port to another port!, as in CONN(F,F.right_
neighbor(slot14),M,mountedOn) , or a port vari-
able ~discussed in the next section!.

Note that connections specified byCONNare always bi-
directional. If, for a given constraint, the identity of the con-
necting port or component is not relevant, this can be
expressed through the special variable _, as inCONN-
(Frame,right,M,_) . This is true if the right port of
frame is connected to some port ofM. The following con-
straint definition

frame F DESCRIPTION:
[ CONN(F,slot15,M15,_)&CONN(F,slot16,M16,_)

–>((M15 = M16) or is_type(M15,moduleA)];

means that if bothslot15 andslot16 are occupied, ei-
ther the same component must be connected to both of them,
or it must be of typemoduleA .

3.3.2. Quantifying over ports

For convenience, ports can be grouped into namedport
sets. For example, slots can be grouped according to their
placement in a frame~see Figure 3!:

frame F DESCRIPTION:
F.upperUnit : = {slot1 , . . . ,slot16};
F.lowerUnit : = {slot17 , . . . ,slot32};

Fig. 3. A frame.
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The main use of port sets is as domains for port vari-
ables.Aport variable can be universally or existentially quan-
tified, and always ranges over a given port set. This allows
a succinct description of the internal structure of large com-
ponents. For example, the following constraint requires that
no switching module~represented by the variableModule !
connected to a port in the port setupperUnit may have a
value for attributeerlang of more that 0.05.

frame F DESCRIPTION:
ALL P IN F.upperUnit:

[ CONN(F,P,Module,_) &
Module is_type SwitchingModule
-> NOT (Module.erlang > 0.05) ];;

Note that this constraint is bidirectional in the sense that
if we assume the existence of a module in a slot of
upperUnit , either its erlang value would be con-
strained to be smaller than 0.05, or its type would be con-
strained to be different fromSwitchingModule .

3.4. Resource constraints

Certain requirements cannot be described by component-
specificconstraints,and insteadmustbedescribed inmoreglo-
bal terms. One such case is customer requirements, which will
oftennotbegiven in termsofcomponents,but in termsofover-
all functionality, for example, “the analog modules built into
the finished system must have a total communications
throughput of at least 5000 erlang units.” Therefore, a spe-
cial kind of constraints was introduced to deal with global pa-
rameters of a configuration. Since their semantics are similar
to the resource concept presented in Heinrich and Jüngst
~1991! which has gained wide acceptance in the configura-
tion field, they are calledresource constraints.

A resource constraint is an equation over several numeric
expressions, which are calledresource functions. Resource
functions express the way in which attribute values~or com-
ponent numbers! can be combined to express some kind of
aggregate functionality. For example, the constraint from
the previous paragraph would be written as

SUM{M.erlan g | M ISA moduleAnalog} >= 5000;

The aggregate functions currently supported areSUMand
CARD. The relations~comparison operators! specified in re-
sourceconstraintsmustbe linear.The followingexamplespec-
ifies that power requirements must always be guaranteed:

SUM{M.powerOut p | M ISA component} >
SUM{M.powerReq | M ISA component};

Resource constraints are one important source for the cre-
ation of components. We will discuss this topic in more de-
tail in Section 5.

LCON provides a number of additional features, such as
definition of certain constraints in tabular form, assignment
of priorities to constraints~soft constraints), and computed

numerical attributes. We do not discuss them further in this
paper.

4. GCSP AND THE SEMANTICS OF LCON

The semantics of an LCON program are defined by map-
ping it to an extended constraint satisfaction problem~called
generativeCSP, or GCSP!. The designationgenerativestems
from the fact that GCSP semantics require the generation of
an adequate set of components as part of the solution pro-
cess. An original basis of the GCSP formalism was pre-
sented in Stumptner and Haselböck~1993!. We bring here a
short overview of its current form.

A configuration problem to be solved by COCOS is spec-
ified by listing a set of initial variables and constraints on
them. A solution is obtained as soon as all variables existing
at that point, including all the initial variables, have been
assigned a value~a concrete type in the case of component
variables! and all constraints restricting these variables are
satisfied.

Definition 1 ~Configuration domain!. A configuration
domain$ is a tuple^#, P,G&, where

• # is a possibly infinite set of component variables. The
domain of each variable from# is a finite setT 5
$t1, . . . ,tt % of component types.

• P 5 $ p1, . . . ,pm% is a set of property names. Further-
more, there exists a setD 5 $3,D1, . . . ,Dn% of domains
and a functionDomthat maps pairs of the form~prop-
erty name, type! to elements ofD.The setsD1, . . . ,Dnare
called atomic domains~i.e., they contain numeric or sym-
bolic values, but are disjunct from#!.

• G is a finite set of generic constraints including activa-
tion and resource constraints.~Generic constraints are
presented in the next section.! n

Note that both components and their properties are rep-
resented by constraint variables. The type of a component
is specified by assigning a type symbol fromT to that com-
ponent variable. Depending on its type~assignment!, a com-
ponent will have a varying number of properties, whose
existence is guaranteed by satisfying so-calledactivation
constraints. The name of a property variable is composed
from the name of the originating component and the prop-
erty name, for example, if propertyp [ P is defined for
componentc [ #, then the property variable is namedc.p.
The set of all possible property variables can thus be inten-
sionally specified as3 5 $c.p6c [ #, p [ P% . We adapt the
terminology of Mittal and Falkenhainer~1990! and refer to
the component and property variables that actually occur in
a given constraint network asactivevariables.

Since the existence of property variablec.p depends on
the type assigned toc, so does the domain ofc.p, dom~c.p!.
It is defined depending on the type ofc, that is,dom~c.p! 5
Dom~ p,t!. Now, dom~c.p! can be either an atomic do-
main Di , in which case we callc.p an attribute of c, or
dom~c.p! 5 3. In the latter case, we callc.p a port of c.
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4.1. Generic constraints

Since the exact set of components that exist in a specific
solution is not predefined, it is not possible to explicitly write
down every constraint that would be involved in the solu-
tion. Even if an upper limit were known, we still would have
to write down a separate set of constraints for each compo-
nent constellation. Instead, we specify relationships in terms
of generic constraints. A generic constraint is a constraint
schema where meta-variables act as placeholders for com-
ponent variables.

Definition 2 ~Generic constraint!. A generic con-
straint is a range restricted clause~i.e., a formula of the
form A1 ∧ . . . ∧ Am r B1 ∨ . . . ∨ Bn! where theAs are the
negativeliterals and theBs are the positive ones, contain-
ing three kinds of literals:

1. Predicates of the formp~v1, . . . ,vk!, where it can be de-
cided for every assignmentv15x1, . . . ,vk5xk, whether
the assignment satisfies the predicatep. Predicates in-
clude equality~for all domains!, theconnconnection
predicate, and the arithmetic comparison predicates~,,
., #, and$! for variables with numeric domains. If at
least one of thevi is not active, thenp~v1, . . . ,vk! eval-
uates as false in every case.

2. The predicateactive~v! is true, iff the variablev is ac-
tive ~i.e., selected for solution!.

3. v1 [ v2 is true, iff the active variablesv1 andv2 are
identical~note: not only identical assignments!. n

We will show examples of the various possible constraint
types below.

Definition 3 ~Consistency of generic constraints!. Let
g be a range-restricted constraint clause with meta-variables
X1, . . . ,Xk. Further, letV # # ø 3 be a set of active vari-
ables, andV C # V is the set of all component variables of
V. If t is an assignment tuple for the variablesV, a generic
constraintg is said to be satisfied undert, iff

;c1, . . . ,ck [ V C: g@X16c1, . . . ,Xk6ck# is satisfied undert. n

In other words, ifg is satisfied for all possible substitutions
of the meta-variables with active component variables, then
the generic constraint is said to be consistent with respect to
the active variables and their assignments. Apart from the
fact that the constraint refers to meta-variables, this is the
standard DCSP definition of consistency.

We classify GCSP constraints into three groups: activa-
tion constraints, compatibility constraints, and resource con-
straints. The first of these will be examined in more detail,
since their relationship to LCON is less obvious than for
the other two.

4.2. Activation constraints

Property variables belong to components of specific types.
Therefore, if the type of a component is derived~the vari-

able is assigned!, the appropriate set of property variables
that specify the features and behavior of the component must
exist. The existence requirements for the corresponding
attributes and ports depending on the type of component
are expressed byactivationconstraints in the terminology
of standard DCSPs~Mittal & Falkenhainer, 1990!.

Let $ 5 ^#,P,G& be a configuration domain,t is a type
symbol from the domainT of all component variables of#,
andp is a property name fromP. To state the fact that all
componentsc of typet have~among others! the propertyp,
the generic constraint for the activation of a property vari-
ablec.p has the form

C 5 t
RV

&& C.p

whereC is a meta-variable.1

Definition 4 ~Consistency of generic activation con-
straints!. Let g be an activation constraint schema of the
form C 5 t

RV
&& C.p. g is said to be satisfied, iff

for all active component variablesc of type t a property
variablec.p is active. n

We also make theclosed world assumptionin the sense
that a solution may only contain property variables which
were actually activated by activation constraints.

How do activation constraints translate to the LCON com-
ponent definitions? Consider the frame example from Sec-
tion 3.1~shortened here somewhat to save space!.

frame F DESCRIPTION:
F.softwareVersions : = {1.0, 2.0, 3.2};
F.PORTS : = {mountedOn[rack],

slot1[powerSupply], . . .

This definition corresponds to the set of activation constraints

F 5 Frame
RV

&& F.softwareVersions

F 5 Frame
RV

&& F.mountedOn

F 5 Frame
RV

&& F.slot1

plus the domain definitions of the attributesoftware-
Versions and the various ports:

Dom~softwareVersions,Frame! 5 $1.0, 2.0, 3.2%

Dom~mountedOn,Frame! 5 3

Dom~slot1,Frame! 5 3

1The term “RV” stands for “require-variable.” This is the only kind of
activation constraint introduced in Mittal and Falkenhainer~1990! that is
needed in our approach.
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and finally the set of constraints that express the type re-
strictions on the ports, for example,

F 5 Frame∧ conn~F,slot1,X,mountedOn! r X5module

F 5 Frame∧ conn~F,mountedOn, X,Y! r X5rack

4.3. Compatibility constraints

A compatibility constraint is a constraint that does not ex-
plicitly influence the existence of variables in the constraint
network. In other words, compatibility constraints do not
contain the predicateactive. Compatibility constraints are
the workhorses of the representation—they specify what we
consider the actual configuration knowledge, namely how
components interact with each other.

Example. Consider the constraint from Section 3.3.1: “If
both slot15 andslot16 are occupied, either the same
component must be connected to both of them, or it must be
of typemoduleA .”

frame F DESCRIPTION:
[ CONN(F,slot15,M15,_)&CONN(F,slot16,M16,_)

–>(M15 = M16) or is_type(M15,moduleA)];

The GCSP form of this constraint would be

F 5 frame∧ conn~F,F.slot15,M15,_! ∧ conn~F,F.slot16,M16,_!

r ~M15[ M16! ∨ ~M155 moduleA! n

The main purpose of this example is to show that the re-
lationship between LCON constraints and a GCSP compat-
ibility constraint is straightforward—there is a one-to-one
correspondence between the predicates and operators of the
two, with the type that the LCON constraint was defined
for now being present as an explicit value in the GCSP
constraint.2

4.4. Resource constraints

Just as with compatibility constraints, the GCSP form of
resource constraints is a direct counterpart of their LCON
appearance. Our previous example

SUM{M.erlan g | M ISA moduleAnalog} >= 5000;

corresponds to

S (
M[#:M5moduleAnalog

M.erlangD $ 5000.

Resource constraints are a restricted form of set constraints.
Their effective handling is made possible by their restric-
tion to one particular domain, the set of component vari-
ables#. All resource constraints in a COCOS GCSP problem
operate on this one set.

5. REASONING WITH GCSPs

The COCOS inference engine is based on chronological
backtracking and constraint propagation through forward
checking.

5.1. The COCOS constraint solver

The basic execution cycle in the COCOS system has the
same structure as that of any backtracking CSP solver: A
variable is selected for assignment, a value is chosen and
assigned, and the value is propagated across the constraints
that connect that variable to others.

There are three special cases:

1. If the variable was a component variable, assignment
to this variable means type assignment. Propagation
includes adding property variables appropriate to the
new type. Note: this is the only situation when vari-
ables are added to the constraint network due to acti-
vation constraints.

2. If the variable is a port variable, and a component of
the required type is available, it will be connectedvia
the port. If no component is available that qualifies
for the connection, then a new component will be cre-
ated and connected. The type of that component may
be nonconcrete and will then have to be further re-
stricted later on. For example, if a module exists in an
EWSD system and there is no rack in the system that
is eligible to contain that module, then a new compo-
nent will be generated to be connected to themounted-
Onport of the module. Note that it is this action which
guarantees that the requirement in Definition 3 that
all variables must be assigned a value is fulfilled. This
requirement is completely innocuous in a CSP that is
not a GCSP, since there the set of values is fixed. In
our case though, the set of components# is malleable
~in fact, the existence of resource constraints allows
us to explicitly constrain this set! and the value re-
quirement defines an additional meta-level constraint
~i.e., there must be components for the required con-
nections!, which is satisfied by the above action.

3. If a resource constraint being checked during propa-
gation can only be satisfied by adding additional com-
ponents, they will be created~e.g., if the total erlang

2Note that unlike Stumptner and Haselböck~1993!, we here use the set
3 as the domain of port variables, since we want theconnconstraint~see
Section 3.3.1! expresses a direct, bidirectional connectionvia a specific
pair of ports. The definition of Stumptner and Haselböck~1993! assigns
component variables instead of port variables, so that the assignment is
somewhat more flexible~in theory,n:1 assignments are possible! at the
cost of not specifying the inverse port explicitly. We have since chosen the
alternate solution of specifying the port explicitly, so that port variables
are assigned the port variable to which they are connected.
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values are below 5000 for the resource constraint from
Section 3.4, new analog modules will be created!.

These three cases provide the connection between the
meta-level~reasoning about the contents of the set#! and
the component level~reasoning about component proper-
ties!. Other than that, the same inference mechanism is used
to deal with both levels. Note that in two of the special cases,
new components are created, and thus variables added to
the constraint network. This is the only way in which ob-
jects are created apart from the initial network, which may
contain initial components~but is not required to!. Thus,
components are neither fixed as in the common CSP ap-
proach, nor are they created through explicit use of side ef-
fects. Component creation is not under direct control of the
knowledge base designer. If the solver backtracks across a
choice that led to creation of a component, that component
and its dependent variables are again removed. Note also
that the type abstraction mechanism is defined in terms of
the constraint network. It thus is also amenable to the same
kind of declarative strategy definition—for example, types
can be ordered according to the sequence in which their as-
signment should be attempted.

5.2. Discussing GCSP semantics

It is interesting to contrast the GCSP formalism and the re-
sulting semantics for LCON with other configuration ap-
proaches.

1. Consistencyis defined in terms of satisfying the con-
straints. Since the variable set is dynamic, it is possi-
ble to distinguish between two aspects of consistency,
namely a system being

• compatible, that is, its value assignments satisfy the
constraints.

• stable, that is, there are no missing variables. Note
that while there exist constraints which explicitly
influence component generation~see the next point!,
consistency may also require the creation of com-
ponents without a constraint being explicitly in-
volved. This is due to the requirement that each
variable must be assigned a value, as discussed in
the previous section.

2. Variable generation involves the different constraint
types in different ways. Compatibility constraints do
not alter the constraint network. Activity constraints
extend the constraint network, but the only variables
activated by activity constraints are property vari-
ables. Resource constraints explicitly constrain the set
of components and can therefore require the creation
of components. Finally, the consistency requirement
may lead to the creation of new components so a par-
ticular port can be assigned a value.

3. Component properties~i.e., attributes and ports! are
represented by property variables which are activated
through use of activation constraints. The GCSP ap-
proach therefore distinguishes explicitly between port
and component variables depending on their syntacti-
cal occurrence in activation constraints~on the left side
of these constraints, only component variables occur,
and on the right side of these constraints, only prop-
erty variables occur!.

It is clear that theexpressivenessofaGCSPisdifferent from
that of an ordinary CSP. It should be noted that the approach
is also different from the well-known~in particular in the con-
figuration community! “standard” DCSPformalism. First, be-
cause the set of variables which is prespecified in a DCSP is
not prespecified in a GCSP. There is an additional degree of
freedom in the unrestrained number of component variables.
Second, the GCSPintroduces a semantic distinction between
component properties and component identity. This is ex-
pressed by the differing syntactic roles of the respective kinds
of variables inactivationconstraints, andby the restriction that
only type assignments are used on the left side of activation
constraints. This also provides a gain in clarity over the “un-
structured” use of activation constraints.

At the same time, while there are aggregate constraints
that allow expressing global constraints on the set of com-
ponents, the focus is different from resource-based systems
whose algorithms focus on balancing, since the intent in CO-
COS was to concentrate on the compositional aspects of the
configuration tasks. Components are complex, individual ob-
ject instances that can be arranged in a complex topology,
and handling this kind of knowledge—easily directly ex-
pressible in terms of constraints—in COCOS is one of the
main issues in configuring technical equipment.

The closest counterpart to the component generation pro-
cess in COCOS is probably the model generation concept
of Klein et al., 1994, which is based on a logical instead of
a constraint-based framework. However, the authors point
out that the underlying logical framework is quite complex.

5.3. Part-of hierarchies

In Section 2.7, we mentioned the need for a flexible repre-
sentation of part-of hierarchies. We now have all the knowl-
edge necessary to deal with that problem. A relationship of
the kindX is-part-ofY can be represented by defining a port
mountedOn for type X with domainY, and not allowing
this port to remain unconnected. Now, any solution for a
constraint network that contains a componentx of type X
will need to contain a component of typeY connected tox
via mountedOn . If none is available, one will be created.
Defining another such port calledusedBy for X with do-
main Z results in a second, unrelated part-of relationship,
as depicted in Figure 2. Note that these semantics are main-
tained regardless of whether the superparts or subparts are
created first during reasoning.
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5.4. Type abstraction and inheritance

We have already referred in Sections 2.6 and 5 to the use of
inheritance~a standard feature in object-oriented knowl-
edge representation! in COCOS. A component variable, once
created, will be assigned a type. We assume the existence of
an inheritance relationsubtype_of ~t1, t2! that defines thatt1
is a direct subtype of typet2. This relation defines a hierar-
chy, that is, every typet1 is a direct subtype of at most one
supertype. The leaf types in the hierarchy~i.e., those with-
out subtypes! are calledconcretetypes and only these types
are assumed to correspond to actual types from the parts
catalog. We usesubtype* to refer to the transitive closure of
the subtype relation. In general, we refer tot as a subtype of
t ' if subtype*~t, t ' ! holds and as a direct subtype oft ' if
subtype~t, t ' ! holds.

Formally, a not-concrete~also calledintermediate)typet
in the hierarchy possesses the set of properties that corre-
sponds to the intersection of all properties of his subtypes.
After a component has been assigned an intermediate type
t, its type assignment will later be refined to a subtype oft
either by the constraint solver explicitly choosing that vari-
able for refinement, or because filtering removes other sub-
types oft from consideration. An alternate approach would
be to eliminate all intermediate types and simply enumerate
all concrete types as the domain of component variables.
Experience seems to indicate that this does not impair per-
formance to a degree that warrants inclusion of the more
complex refinement mechanism, but this is subject to fur-
ther study.

The type mechanism is our main tool for dealing with
interchangeability problems. If a new componentc1 is gen-
erated, it will subsequently be assigned a typet1. If this type
assignment leads to inconsistency, the system will not gen-
erate a further componentc2 ~which is again assigned type
t1!, but instead will attempt to assign a different typet2 to c1

~and, if that fails, the remaining types in the domain ofc1!.
A different situation occurs when a component that has al-
ready been assigned a typet1 is assigned to a slot, and the
assignment attempt fails. This situation is covered in CO-
COS by an explicit optimization. The failure is analyzed to
find out whether it only involves type-specific constraints
of the component~instead of individual connections or pa-
rameter settings!. If this is the case, all components of the
same type~t1! and its subtypes are filtered from the domain
of that slot.

The technique of delaying the premature choice of prop-
erties that might result in conflicts~this delaying corre-
sponds to the delaying of refining type assignments! is also
known as least commitment~Mittal & Frayman, 1987!.

6. SYSTEM ARCHITECTURE

Figure 4 gives an overview of the architecture of the sys-
tem. The heart of the system is the constraint solver which
manages the generation and solving of the GCSP constraint

network, as described in the previous section. The knowl-
edge base is functionally divided into several parts, namely
domain description, requirement specification, domain-
specificexpert heuristics, andproblem-independent heuris-
tics. Of these, the first two constitute the model knowledge,
which defines the range of possible solutions. The other two
specify control knowledge which is aimed at efficiently find-
ing solutions of high quality. We look at the four categories
in a bit more detail.

The domain description is the part of the knowledge base
in which the specification of the inventory~i.e., generic
knowledge about the component types, their properties and
relations! is represented in terms of constraints. On the one
hand, this part of the knowledge base containscatalog knowl-
edgederived from technical specifications, for example, in-
formation about size, ports, and incompatibilities between
different types that are based on documented design deci-
sions or physical impossibilities~such as differing require-
ments on power supply voltage or insufficient space for
accommodating a specific subcomponent!. On the other
hand, it contains expert knowledge based on experience, for
example, it may be inadvisable to combine certain compo-
nent types because heat buildup or electrical interference
may occur even though this is not documented in the tech-
nical specifications.3 The requirements for a specific prob-
lem instance are also specified in terms of constraints. For
example, these may be further restrictions on the compo-
nent descriptions contained in the domain knowledge, or they
may request the existence or nonexistence of component
instances.

The search strategy used by the constraint solver can be in-
fluenced by providing heuristic control knowledge. Such
knowledge will be used when trying to decide between sev-
eral alternative actions at some point during search. The set
of heuristics used in the system can be partitioned intoexpert
heuristicsandproblem-independent heuristics. Expert heu-
ristics are those which stem from~human! domain experts and
which are highly dependent on the properties and structure of
that domain. For instance, sometimes it is efficient to find first
a consistent configuration on an abstract~logical or func-

3Observing such constraints may be advisable though not absolutely
necessary, that is, in some cases they may be ignored when conflicting
with other, more basic, requirements. Priorities to resolve such conflicts
can be expressed in LCON by usingsoft constraints~also known ascon-
straint hierarchies).

Fig. 4. System architecture.
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tional! level, and refine that plan afterwards by determining
the hardware realization. If the aim is to find only a single so-
lution, because the search space is too large for exhaustive
search~as is usually the case!, then these kinds of heuristics
can also strongly influence the quality of the solution. CO-
COS allows the specification of value orderings to control
search.These orderings can also be intensionally defined~e.g.,
it is possible to specify that components with minimum cost
should be chosen first for a particular port!.

Problem-independent heuristics are general techniques de-
veloped for the efficient solution of constraint satisfaction
problems. Standard heuristics are variable ordering~Dechter
&Meiri, 1989!andpruning techniques like forward-checking.
In principle, the representation would also be amenable to the
useof repair-basedconstraintalgorithms~Mintonetal., 1992!,
although the need so far has not arisen.While the system does
not provide an explicit knowledge level representation in the
form of the DIDS system~Runkel et al., 1994!, the represen-
tation is not geared towards a particular solution algorithm.

In Heinrich and Jüngst~1991!, a characterization of five
different levels of configuration knowledge was proposed.
The knowledge contained in configuration expert systems
was divided into system knowledge~knowledge about
resources, i.e., existence requirements for components!, cat-
alog knowledge~i.e., component type descriptions!, excep-
tion knowledge~expert knowledge about components!,
evaluation knowledge~which refers to solution quality!,
and performance knowledge~about effectively finding a
configuration!. All of these kinds of knowledge are present
in our architecture. The constraint formalism is suffi-
ciently powerful to serve as a uniform representation for
the first three kinds, while evaluation and performance
knowledge correspond to our expert heuristics.

7. EXPERIENCE WITH COCOS

The COCOS tool was implemented in Smalltalk.4 It pro-
vides window-based interfaces for editing the knowledge
base, entering configuration requirements, and controlling
the configuration process. Knowledge bases, strategies, re-
quirements, and partial or finished configurations can be
stored on disk and retrieved. A graphical interface allows
fully automatic configuration, checking and completion of
manual configurations, or cycles of interactive modifica-
tion and subsequent checking0completion for finished or par-
tial configurations.

The original COCOS system was used successfully to pro-
duce configurations of up to 4000 components, with a run-
ning time of several minutes on a SPARCstation 10.

The next generation of the COCOS system uses a re-
defined version of the LCON language called ConTalk with
the original GCSP semantics but the syntax altered to fit

that of Smalltalk, simplifying parser maintenance. The tool
has now been in production use for two years as part of an
application~called LAVA! which consists of the COCOS
core system~i.e., the GCSP inference engine! together with
application specific administrative tools~i.e., interfaces to
other software, report generators, and the LAVA user inter-
face!. The LAVA knowledge base covers cabling and addi-
tional functional components of the EWSD system. Other
knowledge bases that have been developed for COCOS in-
clude the configuration of public announcement systems
~e.g., loudspeaker systems for airports and railway stations!.

In everyday use, LAVA now configures systems contain-
ing more than 40,000 components~with several hundred
thousand attributes and ports!, by partitioning the problem
into subproblems calledpackages. Packages are defined ac-
cording to the major functional groupings of the EWSD sys-
tem and by thus exploiting the EWSD architecture they can
be configured fairly independently. For example, the con-
figurations mentioned in the second paragraph of this sec-
tion correspond to the core Switching Network~SN! package
of a typical EWSD installation. The user interface lets the
user decide on the ordering in which packages are to be con-
figured and keeps track of cross-package dependencies that
arise during configuration. The package approach is de-
scribed in more detail in Fleischanderl and Haselböck~1996!.

The aim of LAVA was not to replace human configurers
~manual configuration being long obsolete in this domain!,
but the series of table-based configuration systems which
were written in C~later C11! and used as input not con-
straints, but part lists that represented legal partial config-
urations.A later version of these systems incorporated limited
propositional logic reasoning capability. Note that the goal
of using an AI approach for this particular domain was not
one of superior performance, since the algorithmic systems
started out from an advantageous precompiled representa-
tion, but maintenance savings in the first place. The old part
lists were compiled by hand, which was doubly painful since
upgrading to new system versions has to be done by hand
as well, and the list representation did not retain the origi-
nal design criteria~the design constraints having been com-
piled into the lists!, which were lost. Also, various special
cases in terms of customer requirements had to be coded
into the algorithmic configurators by hand. By comparison,
the knowledge base of LAVA incorporates constraints from
different departments such as legal constraints from sales
and the original technical information~parts catalog and tech-
nical constraints! from development, and it is be useful for
sales~for a quicker bidding and ordering process!, manu-
facturing~due to the generation of part lists and description
of complete assemblies!, and service~since it is possible to
verify the correctness of existing configurations as well as
incorporate strategies that will result in configurations that
are easy to maintain!.

A feature resulting from the constraint-based architec-
ture is the possibility to manually change a configuration
plan and re-start the constraint solver for propagating the

4The environment used is Visualworks by ParcPlace~now Object-
Share!.
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new data and checking consistency. If the changed config-
uration is not in conformance with the model, the violated
constraints are returned. Of course, if a user-manipulated
configuration network is consistent but incomplete, it will
automatically be completed if wanted. Since virtually all
relationships described in the knowledge base are described
in terms of constraints, this mechanism could be uniformly
implemented for kinds of changes~such as changing com-
ponent types, restricting attribute values, requesting or un-
plugging certain connections, etc.!.

Altogether, the total development effort of LAVA~even
if one includes the application-specific interfaces as well as
the development of the generic COCOS tool! was a fraction
of that used for the older tools.

The ultimate benefits~development of the configurator in
a fraction of the time needed for the older tools, while reach-
ingvastly superiormaintainabilityof theconfigurationknowl-
edge! were achieved through combining the advantages of an
object-oriented representation with clearly defined compo-
nent structure, grouping of constraints with types, and use of
a type hierarchy, with conceptual simplicity of the constraint
paradigm. Static and strategic knowledge can be cleanly sep-
arated. Certain additional performance gains can be achieved
through the use of macro steps - operators which allow a spec-
ification of simple-structured partial assemblies that are rec-
ommended for duplicationin toto.

8. CONCLUSION

The aim of the COCOS project was the development of a
constraint-based configuration tool for modular technical sys-
tems. COCOS uses an object-oriented, constraint-based rep-
resentation language. The language, LCON, and its new
sibling ConTalk, possess semantics based on the generative
constraint satisfaction problem~GCSP! formalism. GCSP
problems describe configuration domains in term of CSPs
which possess a variable set that is split between compo-
nent variables~which are in principle unlimited in number!
and property variables which are used to describe attributes
and ports of components. The GCSP approach provides sim-
ple semantics for reasoning about configuration problems,
while extending traditional CSPs by concepts that allow rea-
soning about configuration problems with a large and0or vari-
able number of components in their solutions. The GCSP
neither corresponds to the standard dynamic CSP~DCSP!
nor the resource-based approach, although it effectively sub-
sumes the first and provides features of the second.

At the same time, the underlying formalism is both sim-
ple enough and close enough to traditional CSPs to allow
direct use or easy adaptation of the existing large body of
CSP solving techniques and algorithms. Furthermore, the
main advantage of a constraint-based representation, namely
the clear separation of problem knowledge and strategic
knowledge, is achieved, significantly facilitating knowl-
edge base maintenance and the development of effective
strategies for a given configuration problem.

The LAVA configurator based on the COCOS tool has
been in production use for two years and provided a drastic
reduction both in initial development and knowledge base
maintenance effort over earlier tools which used algorith-
mic or simpler knowledge-based approaches. The EWSD
telephone switching systems that are configured by LAVA
belong to the largest electronic systems in existence. Apart
from the ease of development, LAVA has also proven suit-
able to supporting all departments involved with the EWSD
manufacturing task, by providing a natural representation
of the technical constraints and specifications from the de-
sign department, verification of the correctness of legacy
systems, clear specifications for manufacturing and ship-
ping, up to the automated configuration support in the sales
department. At the same time, the potential of the COCOS
system is not exhausted as extensions such as optimization
issues, the development of algorithms specially tailored for
GCSPs, or further improvement of the package technique
that was developed to handle extremely large domains, re-
main as topics for future research.
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